Pyrantel pamoate is a combination of pyrantel and pamoate used as a deworming agent for domesticated animals. This study investigated the sorption and transformation of pyrantel pamoate by birnessite (δ-MnO 2 ) under different conditions. Pamoate was first oxidized into keto naphthalene derivatives by manganese oxide. The pamoate degradation rate obeyed the second-order kinetic law, first order with respect to MnO 2 and first order with respect to pamoate. Pyrantel was not transformed by birnessite but showed adsorption on birnessite only after 20 h of reaction time when pamoate was transformed into products that could not participate in the solubilization of pamoate. The presence of natural organic matter showed inhibition of pamoate transformation and reduced pyrantel adsorption probably by competition for reactive sites and by enhancing water solubility of pyrantel. In soils and sediments, manganese oxide can participate in the oxidation of pamoate and sorption of pyrantel.
Introduction
Pyrantel pamoate is a combination of pyrantel (PYR) and pamoate (PMA) used as deworming agent in the treatment of hookworms and roundworms (Ascaris lumbricoides) in domesticated animals such as horses, cattle, sheep, pigs, cats, dogs, and many other species [1] .
For example, in the UK, 3.78 tons of PYR PMA were reported to be used in the sheep industry in 2001 [1] . PYR PMA is introduced into the environment mainly through faeces, with 60% of ingested drug being excreted unchanged [2] . However, there is still a lack of information about the presence and fate of PYR PMA in the environment, the former postulated to be degraded at the thiophene moiety and/or pyrimidine function [2] .
Pamoic acid, also called embonic acid, is a naphthoic acid derivative. In pharmacology, pamoate ion, the salt form of pamoic acid (pKa of 2.7), can be used as a counter ion to increase drug solubility in water by hydrogen bonding [3] . PMA is considered by the Food and Drug Administration as an inactive compound that enables long-acting formulations of drugs such as the anthelminthic oxantel PMA and PYR PMA, the psychoactive compounds hydroxyzine pamoate (Vistaril) and imipramine pamoate (Tofranil-PM); and the peptide hormones triptorelin pamoate (Trelstar) and octreotide pamoate (OncoLar) [4] [5] [6] [7] .
PMA was demonstrated in a recent study to have agonist activity for the orphan G protein-coupled receptor [8] -a large family of plasma membrane proteins that represent a major target for current therapeutic drugs and agents under development. PMA was also found to be an inhibitor of the DNA polymerase β, which plays a central role in repair of damaged DNA bases by base excision repair pathways [8] . These recent data suggest that its uses and inactive properties may be reexamined.
The abiotic transformation of the combination of a hydrophobic drug and organic salt complex molecule by oxide minerals such as manganese oxide is not known. Manganese oxides MnO 2 are naturally present in soils and sediments and can contribute to the abiotic removal of micropollutants [9] . Currently, authors have proposed using MnO 2 as geomedia for passive treatment of urban stormwater [10] and removal of phenolic compounds [11] [12] [13] . The transformation of organic compounds by manganese oxide occurs in two steps. First, the organic compound forms a surface complex precursor with manganese oxide [11, [14] [15] , and in the second step electron transfer leads to the release of dissolved manganese and transformation products [11, 14, 16] . These reactions could participate in the degradation of PYR PAM in soils contaminated by manure. PMA is susceptible to being degraded by manganese oxide because phenolic moieties readily reduced manganese oxide and are transformed into benzoquinones. Besides, the presence of natural organic matter (NOM) in the aqueous solution can significantly influence the transport of organic micropollutants [17] [18] . In a recent study, organic carbon was reported to be trapped and stabilized by MnO 2 through bridging and/or bidentate bond between carboxylate group of NOM and MnO 2 mineral surface site [19] .
The aim of this study was to investigate the adsorption and transformation reactions of pyrantel pamoate by manganese oxide birnessite for pH values between 4.0 and 6.0. The role of NOM was also evaluated. Transformation products were identified by LC-MS/MS in order to propose a reaction pathway for the transformation of PYR PAM by manganese oxide.
Material and Methods

Manganese Dioxide and Reagents
Preparation of Manganese Dioxide and Characterization
Manganese dioxide birnessite (δ-MnO 2 ) was synthesized according to the method of Murray (1974) [20] . Eight mmoles of KMnO 4 and 16 mmoles of NaOH were added in 3 L deionized water, followed by a dropwise addition of 1.5 L MnCl 2 solution (12 mmol L -1 ). The resulting MnO 2 particles were collected by decantation and the centrifugation, and the supernatant was replaced by deionized water several times until conductivity was significantly reduced. by the formaldoxime spectrophotometric method [21] . The specific surface area determined by BET method using N 2 as adsorbate was 218 m 2 g -1 . The average oxidation number of Mn in the manganese dioxide was determined by the iodometric method [22] . The oxidation number was determined from sodium thiosulfate titration of iodine produced by the oxidation of iodide with a known amount of MnO 2 . The oxidation number of Mn in MnO 2 was 3.66.
The zeta potentials of 50 µmol L -1 manganese dioxide suspensions were determined at ionic strengths of 10 mmol L -1 and 1 mmol L -1 NaNO 3 for pH between 2.5 and 6.0. Measurements were performed with a Malvern Zetasizer. Results confirmed that manganese oxide particles were negatively charged between pH 3.0 and 6.0 and that the pH iep was below 2.5.
Reagents
PYR PAM and pamoic acid disodium salt were purchased from Sigma Aldrich (Saint Quentin-Fallavier, France). Stock and diluted solutions of pyrantel pamoate and PMA were prepared in ultra-pure water and were stored less than one month at +4ºC before use. Ultra-pure water was produced from a Milli-Q water purification system (Millipore).
Suwannee River NOM (SR-NOM) was purchased from the International Humic Substances Society (Minnesota, USA) and was used as received. The NOM stock solutions were prepared in ultra-pure water at 10 mgC L -1 and filtered through 0.45 µm membrane filter before use. The solutions were stored at +4ºC and were diluted to 2 mgC L -1 and 0.5 mgC L -1 prior to use.
Experimental Methods
Experiments were conducted in 150 mL amber glass bottles equipped with Teflon caps. MnO 2 suspensions (100 mL) were stirred on a magnetic stir plate (480 rpm) at room temperature (22±2ºC) for 24 h before the reaction was initiated by adding a volume of the PYR PMA or PMA stock solution. The suspension was continuously stirred during the entire duration of the experiment.
Concentrations of MnO 2 were 125, 250, 375, and 500 µmol L For the experiments with NOM, suspensions containing both MnO 2 and NOM were first equilibrated 24 h before pyrantel pamoate or PMA solution was added. The pH was controlled by adding manually HCl or NaOH 0.1 mol L -1 instead of using acetate buffer.
Aliquots were collected at different time intervals to monitor the reaction time course. Two methods were used to quench the reaction before analysis: (i) 5 mL reaction aliquot was centrifuged at 10,000 rpm for 20 min and 1 mL of the supernatant was transferred to separate 2 mL amber vial for HPLC analysis; (ii) 1 mL reaction aliquot was added to 2 mL HPLC amber vial containing 10 µL 0.57 mol L -1 ascorbic acid, and the mixture was vortexed for 10s to reduce manganese oxide. Centrifuging allowed us to determine PYR PMA present in the aqueous phase, whereas the reduction by ascorbic acid allowed us to determine PYR PMA and transformation products present in the aqueous phase and sorbed on MnO 2 . All samples were analysed within 24 h.
Analytical Methods
The concentrations of PYR or PMA in the samples collected during the kinetic experiment were analysed by a HPLC system (Waters 2695 Separation module) coupled with a Waters 2489 UV/Visible detector. The absorbance detection wavelengths were set at 240 nm and 320 nm for PMA and PYR, respectively. The mobile phase consisted of 80% MeOH/20% acidified water with 0.1% formic acid. A Kinetex C18 column (4.6 × 250 mm, 5 µm) was used for separation with a flow rate of 1 mL min , respectively, and were determined from the standard deviation of 7 replicates of a 35 nmol L -1 PMA standard solution for an injection volume of 100 µL. Variation coefficients were below 5%.
The identification of transformation products was performed by using a Thermo Scientific system (Villebon sur Yvette, France) equipped with a Thermo Scientific Q-Exactive Quadrupole-Orbitrap mass spectrometer equipped with a high resolution accuratemass Orbitrap detector, an Accela Open AutoSampler, and an Accela 1250 Pump. A flow-rate of 0.5 mL min -1 was used with a linear gradient from 10% MeOH/90% [ 
Results and Discussion
Preliminary Study
In the absence of MnO 2 , no appreciable amount of PYR PMA was removed within 80 h. In the presence of 500 µmol L -1 birnessite at pH 5.0, PMA was rapidly eliminated for the first hour whereas PYR remained in solution (Fig. 1) . PYR was not degraded by birnessite because the concentration of PYR determined after reduction of MnO 2 by ascorbic acid remained constant and equal to the initial concentration of PYR. PYR was only sorbed onto MnO 2 after 1,400 min because the concentration of PYR determined after centrifugation decreased significantly.
Transformation Kinetics of PMA by MnO 2
Transformation kinetics of PMA were studied at pH 5.0 using a pure solution of PMA (i.e., in the absence of PYR). The rate of PMA could be well described by pseudo first-order kinetics as shown in Fig. 2 (Table 1 ). Fig. 3 shows that k obs increased linearly with MnO 2 concentration indicating that kinetic is first-order with respect to MnO 2 . The transformation of PMA by MnO 2 is then a second-order rate law, first-order with respect to PMA and first-order with respect to MnO 2 (Equation 2).
(2)
Then second-order rate constant k pH5 = (3.6±0.24) L mol -1 s -1 was calculated as the slope of the linear curve in Fig. 3 . In previous study on phenolic compounds Table 2 .
Product A1 with m/z 385.07 differs from PMA by only 2 amu (Fig. 6) . Then, A1 was postulated to be the oxidation product of naphtol rings by MnO 2 . Similar oxidation of phenolic compounds into keto products by MnO 2 has been well documented [11, [23] [24] [25] .
Product A2 has an experimental m/z of 217.05 corresponding to molecular formula C 12 H 10 O 4 . The MS2 spectrum shows daughter ions with m/z 173.06 and 155.05 corresponding respectively to losses of -CO 2 and -H 2 O (Fig. 7) . Product A2 was postulated to be formed by the oxidative cleavage of the C-C bond between the two naphthalene rings. This cleavage would be facilitated by electron delocalization due to the presence of the naphtyl rings and the two carbonyl functional groups. The MS2 spectrum of A3 presented in Fig. 8 shows ion fragments with mass losses of -CO 2 and -CO consistent with the presence of carboxylic acid and carbonyl functional groups. The oxidation of the hydroxyl functional group in product A2 would give the product A3. A reaction pathway of PMA degradation by MnO 2 is proposed in Fig. 9 .
Sorption of PYR onto MnO 2 and Effect of NOM
The pyrantel molecule could not be purchased alone. Thus, PYR sorption could only be studied in the presence of PMA. Fig. 10 Fig. 12 shows the evolution of sorbed PYR as a function of time in the absence and presence of 0.5 mgC L -1 SR-NOM. In the absence of NOM, sorption equilibrium was only reached after 24 h when PMA and products of PMA could not increase the solubility of PYR. In the presence of NOM, a significant amount of PYR was sorbed for the first hours. Equilibrium was also reached after 24 hours, but the amount of PYR sorbed was significantly lower than in the absence of NOM. The higher sorption of PYR PMA in the presence of NOM for the first hours could be attributed to hydrophobic interactions and hydrogen bonding between PYR and NOM sorbed onto the surface of MnO 2 [26] . Dissolved organic carbon measurement showed that adsorption of NOM was limited to 90 µgC/mgMnO 2 and most NOM remained in solution. Sorption of NOM onto birnessite was low at pH 5.0 because both NOM and the surface of birnessite are negatively charged [27] . Thus, the presence of NOM in solution could also contribute to increasing the solubility of PYR by the formation of hydrogen bonds.
Conclusion
This study demonstrated that PYR PMA reacts with birnessite. PMA was first oxidized and hydrolysed into keto naphthalene derivatives by manganese oxide. The PMA degradation rate obeyed second-order kinetic law, and first-order with respect to MnO 2 and PMA. The apparent second-order rate constant at pH 5.0 is 3.6 (±0.24) L mol -1 s -1
. The rate constants increased when pH decreased and the presence of NOM strongly inhibited PMA transformation due to competition for active sites.
PYR showed distinct behaviour with only sorption onto the surface of MnO 2 . During the first hours, PMA and transformation products of PMA solubilized PYR, which was not adsorbed by birnessite. A significant amount of PYR was adsorbed on birnessite after 20 h of reaction time when transformation products of PMA lost their properties to solubilize PYR. The presence of NOM adsorbed on the surface of birnessite could participate to the sorption of PYR PMA, but NOM in solution would also increase the solubility of PYR, which would explain the lower sorption at the equilibrium.
This study illustrates that interactions between organic compounds strongly influence the transformation and adsorption of micropollutants by metal oxides. Natural organic matter in soils and sediments can compete for reactive sites reducing transformation rates and adsorption capacity. However, NOM adsorbed on the surface of metal oxides can participate to the sorption of micropollutants, but can also increase the solubility of hydrophobic micropollutants. 
